Pyramidal neurons express rich repertoires of leucine-rich repeat (LRR)-containing adhesion molecules with similar synaptogenic activity in culture.
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In Brief
Hippocampal CA1 pyramidal neurons express multiple synaptogenic leucinerich repeat (LRR)-containing adhesion molecules. Schroeder et al. show that LRR proteins differentially control synaptic structure and function and act in input-specific combinations and a context-dependent manner to specify synaptic properties.
INTRODUCTION
The brain is a highly organized structure, harboring a great diversity of neurons linked by precise patterns of connectivity. The synapses connecting particular neuron types can vary widely in their structural and functional properties (O'Rourke et al., 2012) , affecting the flow of information in neural circuits. While we are beginning to understand the molecular mechanisms that regulate the specificity of connectivity (Sanes and Yamagata, 2009; Shen and Scheiffele, 2010) , our understanding of the molecular cues that sculpt the structure and function of specific synaptic connections is limited.
Cell-type-specific repertoires of cell surface molecules have long been postulated to play a major role in encoding specific connectivity (Sperry, 1963) . Synaptic adhesion molecules, which mediate cell-cell recognition and connect pre-and postsynaptic partners, are key cell surface proteins (de Wit and Ghosh, 2016) . Recent studies analyzing gene expression in isolated neuron types support the existence of cell-type-specific repertoires of adhesion molecules (Fö ldy et al., 2016; Fuccillo et al., 2015; Li et al., 2017; Nguyen et al., 2016; Paul et al., 2017; Shekhar et al., 2016; Tan et al., 2015) . Such repertoires might contribute to defining a cell type's connectivity pattern and synaptic properties, as adhesion molecules organize synapses by recruiting key elements of the synaptic machinery (Jang et al., 2017) .
Leucine-rich repeat (LRR)-containing adhesion molecules are candidate molecules for organizing specific synaptic properties, as they are often expressed in discrete populations of cells, typically localize to the postsynaptic membrane, and interact with diverse presynaptic partners (Schroeder and de Wit, 2018) . A number of LRR-containing synaptic adhesion molecule families that promote synapse formation in cultured neurons have been identified (Kim et al., 2006; Ko et al., 2009; Linhoff et al., 2009; O'Sullivan et al., 2012; Takahashi et al., 2012; de Wit et al., 2009; Woo et al., 2009) . The expansion of the LRR protein family in mammals (Dolan et al., 2007) suggests that these proteins may not necessarily regulate core synaptic functions but rather contribute to assembling complex patterns of connectivity in the mammalian nervous system. The significance of LRR protein diversity is not understood, however, and might simply be a matter of redundancy. Alternatively, the LRR proteins expressed in a neuron might localize to each of its inputs in distinct combinations and contribute to specifying structural and functional properties of those inputs. Distinguishing between these possibilities requires an analysis of mRNA and protein distribution, combined with a systematic molecular dissection and analysis of synaptic structure and function, at the single-cell level in intact neural circuits.
Here, we investigate how LRR adhesion molecule diversity contributes to the specification of hippocampal CA1 pyramidal (legend continued on next page) neuron input properties. We investigate a small repertoire of three LRR proteins of different families, all of which are expressed in CA1 neurons, and each of which promotes excitatory synapse development in culture. FLRT2, LRRTM1, and Slitrk1 differentially distribute to the two major excitatory inputs on the CA1 apical dendrite ( Figure 1A ). At proximal Schaffer collateral (SC) inputs, all three LRR proteins are postsynaptic. Despite similar roles in vitro, knockdown (KD) of each LRR protein differentially affects SC input development. FLRT2 controls spine density and its loss alters synaptic transmission accordingly. LRRTM1 and Slitrk1 exert opposing effects on synaptic vesicle distribution at the AZ, altering EPSC charge and quantal content. Combinatorial loss of all three proteins results in a cumulative phenotype. At distal temporoammonic (TA) inputs, FLRT2 and Slitrk1 regulate functional synapse number and AMPA glutamate receptor density, respectively, whereas LRRTM1 is absent. Our data indicate a modular, rather than a redundant, organization of LRR protein-mediated synaptic adhesion, with input-specific combinations of LRR proteins conferring synapse identity.
RESULTS

Input-Specific Distribution of FLRT2, LRRTM1, and Slitrk1 in CA1 Neurons
To investigate the role of LRR protein diversity in specifying synaptic properties, we identified a small LRR protein repertoire in the main hippocampal output neuron, the CA1 pyramidal neuron ( Figure 1A ), and determined mRNA and protein distribution in these cells. We used the Allen Brain Atlas to survey LRR gene expression in the CA1 region, and selected three CA1-expressed LRR proteins based on the following criteria designed to identify distinct ligand-LRR receptor pairs: (1) LRR proteins had to belong to different subfamilies with a similar role in promoting excitatory synapse development in cultured neurons, (2) they had to be postsynaptically localized at excitatory synapses, (3) each had to bind to a distinct presynaptic partner, and (4) working antibodies for immunohistochemical detection had to be available. Based on these criteria, we selected fibronectin leucine-rich repeat transmembrane 2 (FLRT2), leucine-rich repeat transmembrane neuronal 1 (LRRTM1), and SLIT/NTRK family-like 1 (Slitrk1) for our analysis ( Figure 1F ). All are postsynaptic proteins belonging to synaptogenic LRR subfamilies, and each binds to a different presynaptic partner ( Figure 1F ): latrophilin (LPHN) for FLRT2 , neurexin (Nrxn) for LRRTM1 (Ko et al., 2009; Siddiqui et al., 2010; de Wit et al., 2009) , and receptor protein tyrosine phosphatase s (PTPs) for Slitrk1 (Yim et al., 2013) .
To determine whether individual CA1 neurons co-express all three LRR genes, we performed single-molecule fluorescent in situ hybridization (smFISH) on postnatal day 35 (P35) rat hippocampal sections using custom-designed probes for Flrt2, Lrrtm1, and Slitrk1. All three LRR genes were expressed in CA1 stratum pyramidale (SP) (Figures 1B and 1D ). Highermagnification images revealed fluorescent labeling for Flrt2, Lrrtm1, and Slitrk1 mRNAs in individual CA1 cells, and image quantification showed that 94.02% ± 0.57% of individual CA1 cells contained puncta for each mRNA ( Figures 1C and 1E ). Negative control sections did not show fluorescent signal, demonstrating the specificity of the probes used ( Figure S1A ). Abundance of the three LRR mRNAs was correlated in CA1 cells ( Figure S1B ). These results indicate that single CA1 neurons coexpress multiple synaptogenic LRR genes.
To determine whether LRRTM1, FLRT2, and Slitrk1 proteins are uniformly distributed along the apical dendrites of CA1 neurons or display lamina-specific distributions indicative of an input-specific localization, we labeled rat brain cryosections with primary antibodies for each LRR protein. The antibodies used did not cross react with other members of each protein family, and FLRT2 and LRRTM1 antibodies did not detect a band in knockout mouse hippocampal extracts (Figures S1C-S1G). Western blot analysis of rat hippocampal membrane extracts showed that FLRT2, LRRTM1, and Slitrk1 proteins were expressed from early postnatal development onward (Figure S1H) . Immunolabeling of cryosections with LRR protein antibodies and synaptic markers revealed distinct distributions for FLRT2, LRRTM1, and Slitrk1 proteins in mature hippocampus (Figures 1G and 1H) . FLRT2 immunoreactivity was largely restricted to the CA1 region. LRRTM1 and Slitrk1 were more broadly expressed and displayed striking lamina-specific patterns, especially in the case of LRRTM1.
To quantify the laminar distributions of FLRT2, LRRTM1, and Slitrk1 in CA1, we measured protein intensity along the axis of CA1 apical dendrites in stratum radiatum (SR), containing SC inputs, and stratum lacunosum-moleculare (SLM), containing TA inputs ( Figure 1A ). FLRT2 was expressed at a similar intensity in both SR and SLM ( Figures 1H and 1I ). LRRTM1 intensity abruptly decreased from SR to SLM, whereas Slitrk1 intensity increased in SLM compared to SR (Figures 1H and 1I) . Analysis of LRR protein distribution at different developmental stages showed that FLRT2 and LRRTM1 CA1 laminar distribution patterns were established by P14, whereas Slitrk1 intensity in SR still increased between P14 and P21 ( Figures  S2A-S2F) . Together, these results show that single CA1 neurons co-express Flrt2, Lrrtm1, and Slitrk1. FLRT2, LRRTM1, and (E) Quantification of the number of triple LRR mRNA-positive cells in CA1 (triple LRR, purple, 94.02% ± 0.57%, n = 104.7 ± 2.04 cells/image, 12 images/brain, 3 brains; control, black, 0%, n = 110.8 ± 2.2 cells/image, 12 images/brain, 3 brains). (J) High-zoom images from P35 CA1 SR. Insets: overlap of each LRR protein with PSD-95, opposed to Bassoon (arrowheads). Bottom panels: individual channel images. SC, Schaffer collateral; TA, temporoammonic; DG, dentate gyrus; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; ML, molecular layer of DG; SO, stratum oriens; SP, stratum pyramidale. Data represent mean ± SEM. Scale bars, 20 mm (B); 20 mm (C); 500 mm (G); 200 mm (H); 10 mm (J). See also Figures S1 and S2.
Slitrk1 differentially distribute to the two major inputs on CA1 apical dendrites.
LRR Protein Localization at Individual SC Inputs
High-zoom images revealed a punctate pattern for all three LRR proteins in SR. FLRT2, LRRTM1, and Slitrk1 puncta overlapped with the postsynaptic marker PSD-95 and were opposed to the presynaptic marker Bassoon ( Figure 1J ), confirming a postsynaptic localization. Isolated LRR protein puncta may represent extrasynaptically or intracellularly localized protein. Immunohistochemical staining with the inhibitory postsynaptic marker Gephyrin revealed minimal overlap in SR ( Figure S2G ), indicating that FLRT2, LRRTM1, and Slitrk1 are predominantly localized to excitatory synapses.
Whether individual SC synapses contain more than one type of LRR protein is not known. Simultaneous analysis of the distribution of these LRR proteins within the same section was not possible due to species incompatibility of the antibodies used. To address this question, we performed single LRR protein immunolabeling on cryosections from rat brains injected with small volumes of lentiviral vectors expressing a green fluorescent protein (GFP) reporter to sparsely label CA1 neurons. Sections were co-labeled with a PSD-95 antibody, and GFP-positive dendritic segments in SR were imaged on a confocal microscope equipped with an Airyscan detector and reconstructed in 3D (STAR Methods) (Figures 2A-2C ). Analysis of LRR protein localization at PSD-95-positive spines revealed that 60.4% ± 4.1% (mean ± SEM) contain detectable immunoreactivity for FLRT2, 68.8% ± 3.5% for LRRTM1, and 55.2% ± 4.2% for Slitrk1. Probability measurements based on these values indicate that the chance of a PSD-95-positive spine lacking FLRT2, LRRTM1, and Slitrk1 is low at 5.5% and that the probability of all three LRR proteins localizing to the same PSD-95-positive spine is highest at 22.9% ( Figure S2H) , showing that individual SC synapses likely contain multiple types of LRR proteins. 
Differential Effects of LRR Proteins on Spontaneous Synaptic Transmission
To start dissecting the individual contributions of FLRT2, LRRTM1, and Slitrk1 to synapse function in CA1 neurons, we designed lentiviral vectors harboring a GFP reporter and short hairpin RNA (shRNA) to KD expression of each LRR protein. We tested efficacy of shFLRT2, shLRRTM1, and shSlitrk1 in transfected HEK293T cells ( Figures S3A-S3C ) and verified that all shRNAs effectively reduced endogenous LRR protein levels in cultured rat neurons ( Figures 3A-3C ). We injected small volumes of lentiviral vectors into the CA1 region of P0 rat pups to achieve sparse transduction of pyramidal neurons ( Figures 3D and 3E ) and cut acute slices for electrophysiological recordings between P13 and P19. Infected CA1 pyramidal cells were identified by GFP epifluorescence, and simultaneous whole-cell voltage-clamp recordings were made from neighboring infected and non-infected cells ( Figure 3F ).
We first measured spontaneous excitatory postsynaptic currents (sEPSCs) in CA1 neurons using whole-cell voltage-clamp recordings at À70 mV. Both FLRT2 KD (Figures 3G and 3H) and LRRTM1 KD ( Figures 3J and 3K ) caused a decrease in sEPSC frequency compared to control cells. In contrast, Slitrk1 KD increased sEPSC frequency ( Figures 3M and 3N) . Loss of FLRT2, LRRTM1, or Slitrk1 did not affect sEPSC amplitude (Figures 3I , 3L, and 3O). Cells infected with control lentivirus containing the GFP reporter alone or with control lentivirus containing a non-targeting shRNA and GFP showed no changes in any of these parameters ( Figures S4A-S4F ). Thus, LRR protein KD differentially affects the frequency of spontaneous synaptic transmission in CA1 neurons.
LRR Proteins Differentially Affect Evoked Transmission at SC Inputs
To assess the role of FLRT2, LRRTM1, and Slitrk1 specifically at SC inputs, where all three LRR proteins are postsynaptically localized ( Figures 1H-1J and 2A-2C), we performed simultaneous whole-cell voltage-clamp recordings from neighboring infected and non-infected CA1 cells while evoking SC inputs with a stimulating electrode in SR ( Figure S4G ). Cells were voltage clamped at a holding potential of À60 mV to measure AMPA receptor (AMPAR)-mediated EPSCs and subsequently clamped at +40 mV to measure NMDA receptor (NMDAR)-mediated EPSCs 100 ms after stimulus onset.
FLRT2 KD strongly and proportionally reduced the amplitude of AMPAR-and NMDAR-mediated EPSCs compared to control neurons ( Figures 4A-4D ). In contrast, neither LRRTM1 KD (Figures 4E-4H ) nor Slitrk1 KD (Figures 4I-4L ) affected AMPAR or NMDAR EPSC amplitude. Cells infected with either of the two control lentiviruses showed no differences in any of these parameters ( Figures S4I-S4P ). To further verify that the effect of FLRT2 KD on AMPAR and NMDAR EPSC amplitude was specific, we infected CA1 neurons with a lentiviral rescue vector expressing shFLRT2 and an shRNA-resistant FLRT2 cDNA containing three silent mutations in the shRNA target region (FLRT2* rescue) ( Figures S3D and S3G ). AMPAR and NMDAR EPSC amplitude in FLRT2* rescue-infected neurons did not differ from non-infected cells ( Figures 4M-4P ), indicating specificity of the FLRT2 shRNA. Thus, FLRT2 KD selectively decreases evoked AMPAR and NMDAR EPSCs at SC inputs.
The reduction in EPSC amplitude following FLRT2 KD could result from a decrease in presynaptic release probability, a decrease in the number of functional synapses, or changes in the postsynaptic response to glutamate. To begin exploring how loss of LRR proteins affects these synaptic parameters, we first tested whether FLRT2 KD alters the probability of release at SC inputs. We measured the paired-pulse ratio (PPR) at a range of inter-stimulus intervals but observed no changes in PPR following FLRT2 KD ( Figures S5A and S5B ), indicating that a change in release probability does not underlie the decrease in evoked EPSC amplitude. PPR was also not affected following LRRTM1 or Slitrk1 KD (Figures S5C-S5F) or infection with two control viruses ( Figures S5M-S5P ). Thus, loss of FLRT2, LRRTM1, or Slitrk1 does not alter initial presynaptic release probability at SC inputs.
To further probe the effect of FLRT2, LRRTM1, or Slitrk1 KD on evoked transmission at SC inputs, we performed train stimulations of 200 stimuli at 5, 10, and 20 Hz in simultaneously recorded infected and neighboring, non-infected neurons. First, we compared the normalized, synchronous release component during train stimulations to assess coupling between presynaptic activity and the instantaneous synaptic response. No changes in release kinetics during train stimulations were found following FLRT2, LRRTM1, or Slitrk1 KD (Figures S5G-S5L ; 10 Hz and 20 Hz data not shown). In addition to synchronous release, periods of elevated synaptic activity increase residual calcium, which culminates in less coordinated, delayed release called asynchronous release. When we analyzed the cumulative total charge, including both synchronous and asynchronous release, we observed differences for all conditions. FLRT2 KD decreased the cumulative total charge of train EPSCs relative to control neurons ( Figure 4Q ), consistent with the decrease in absolute evoked EPSC amplitude for this condition (Figures 4A and 4C) . Surprisingly, LRRTM1 KD resulted in an even more pronounced decrease in cumulative total EPSC charge ( Figure 4R ). Slitrk1 KD showed the opposite effect and resulted in an increased cumulative total charge ( Figure 4S ). Cells infected with control lentiviruses showed no differences in any of these parameters ( Figures S5Q-S5V ). Neurons infected with viruses expressing FLRT2* rescue, shLRRTM1 and shRNA-resistant LRRTM1 (LRRTM1* rescue), or shSlitrk1 and shRNA-resistant Slitrk1 (Slitrk1* rescue) (Figures 4T-4V ; Figures S3E, S3F, S3H, and S3I) showed no difference in cumulative total charge compared to non-infected cells ( Figures 4W-4Y ), indicating specificity of the observed effects.
Taken together, sustained stimulation reveals differential effects of FLRT2, LRRTM1, or Slitrk1 KD on total evoked synaptic transmission from SC inputs. FLRT2 KD decreases AMPAR and NMDAR EPSC amplitude as well as cumulative total charge during trains. LRRTM1 or Slitrk1 KD do not affect single evoked EPSC amplitude, but loss of LRRTM1 decreases-whereas Slitrk1 KD increases-cumulative total charge during sustained train stimulations. Thus, the effect of FLRT2 KD is distinct from that of LRRTM1 or Slitrk1 KD, and LRRTM1 and Slitrk1 KD have opposing effects on evoked synaptic transmission. We therefore next examined to what extent the observed changes in evoked synaptic transmission at SC inputs following LRR protein KD could be explained by changes in synapse number. We injected lentiviral vectors into the CA1 region of P0 rat pups and imaged P14 secondary apical CA1 dendrites in SR on a structured illumination microscope followed by analysis of dendritic spine density.
LRR Proteins Differentially Affect Dendritic Spine
FLRT2 KD caused a strong, 47.3% decrease in dendritic spine density compared to dendrites from CA1 neurons infected with control lentivirus (Figures 5A and 5B). LRRTM1 KD caused a small, 13.4% reduction in spine density ( Figures 5A and 5B). We observed no change in spine density following Slitrk1 KD ( Figures 5A and 5B). Spine shape was not detectably altered in any of the KD conditions ( Figure S6A ). These results indicate that loss of each LRR protein differentially affects dendritic spine density in CA1 SR: FLRT2 KD robustly decreases spine density, LRRTM1 KD causes a minor decrease, and Slitrk1 KD does not alter spine density. The reduction in spine density following FLRT2 KD is consistent with the proportional decrease in EPSC amplitude and decrease in cumulative total charge, indicating a role for FLRT2 in regulating SC synapse number. Opposite Effects of LRRTM1 and Slitrk1 on Quantal Content LRRTM1 or Slitrk1 KD had a minor or no effect on spine density ( Figures 5A and 5B) , respectively, but loss of these proteins altered cumulative total EPSC charge in opposite directions ( Figures 4R and 4S ). To gain more insight into the LRRTM1 KD and Slitrk1 KD phenotypes, we next analyzed the quantal properties of transmission at SC inputs following LRRTM1 or Slitrk1 KD. We replaced Ca 2+ in the extracellular solution with
, which enters the presynaptic terminal through calcium channels and triggers neurotransmitter release, albeit with lower efficiency (Bekkers and Clements, 1999; Oliet et al., 1996) . The lower release efficiency in combination with a longer retention time of Sr 2+ results in delayed, asynchronous release after stimulation, allowing analysis of isolated quantal events from stimulated SC afferents. We simultaneously recorded asynchronous EPSCs (aEPSCs) in infected and neighboring, non-infected CA1 neurons. aEPSC frequency provides information about quantal content-the number of vesicles released in response to a stimulus-whereas aEPSC amplitude provides information about quantal size-the synaptic response to release of a single vesicle.
LRRTM1 KD decreased aEPSC frequency compared to control neurons ( Figures 6A-6C ). Slitrk1 KD, on the other hand, increased aEPSC frequency ( Figures 6F-6H ). Neither affected aEPSC amplitude ( Figures 6D, 6E , 6I, and 6J), indicating that loss of LRRTM1 or Slitrk1 does not alter quantal size due to, e.g., changes in synaptic vesicle size, vesicle filling, or the number of glutamate receptors at each synapse. The opposing effects of LRRTM1 or Slitrk1 KD on aEPSC frequency indicate a decrease and increase, respectively, in quantal content. This can result from a change in release probability, functional synapse number, or organization of synaptic vesicles. As LRRTM1 or Slitrk1 KD did not affect PPR or synchronous release kinetics, a change in release probability cannot explain the differences in quantal content. As LRRTM1 KD had a minor effect on spine density and Slitrk1 KD had no effect, changes in synapse number also constitute an unlikely explanation, suggesting that an altered synaptic vesicle organization might underlie the changes in quantal content following loss of LRRTM1 or Slitrk1.
LRRTM1 and Slitrk1 Have Opposite Effects on Synaptic Vesicle Distribution
To determine whether LRRTM1 or Slitrk1 KD affects synaptic vesicle organization at SC inputs, we investigated synaptic ultrastructure. To visualize the ultrastructure of presynaptic boutons on sparsely infected CA1 neurons in otherwise wild-type tissue, we used correlative light electron microscopy (CLEM) (Bishop et al., 2011) . Secondary dendrites of infected CA1 neurons in SR were outlined with branding marks using a two-photon microscope ( Figures 7A and 7B) . A serial block-face scanning electron microscope (SBF-SEM) was then used to retrieve the same dendrites in the tissue, relying on branding marks, dendritic branch points, and the surrounding vasculature as landmarks. This was followed by manual sectioning, imaging of thin serial sections with transmission EM (TEM), reconstruction, and image analysis of single SC inputs on spines with a discernible postsynaptic density (PSD) (STAR Methods).
Ultrastructural analysis of SC synapses on CA1 neurons infected with control, FLRT2 KD, LRRTM1 KD, or Slitrk1 KD viruses (Figures 7C-7F ; Figures S6E-S6L) revealed no changes in presynaptic bouton or spine area, except for FLRT2 KD, which caused a small increase in these parameters (Figures 7G and 7H) . Active zone (AZ) and PSD length were unaffected by LRR protein KD, as was PSD thickness (Figures 7I and 7J; Figure S6B) . However, when we analyzed the density of docked synaptic vesicles (defined as <2 nm from the AZ, Imig et al., 2014 ; density quantified by normalizing to AZ length, Holderith et al., 2012 ; STAR Methods), we found a strong decrease in LRRTM1 KD synapses compared to control synapses (Figure 7K) . In contrast, the density of docked synaptic vesicles in Slitrk1 KD synapses was markedly increased ( Figure 7K ). The same changes in vesicle density were observed at a distance .99 pA, n/a = 27/6; FLRT2* À112.9 ± 7.09 pA, n/a = 27/6; data points at À85.9 pA (FLRT2*) and À214.3 pA (control) outside of axis. (N) NMDA EPSC: control 110 ± 14.3 pA, n/a = 26/6; FLRT2* 112.8 ± 10.7 pA, n/a = 26/6. (O) Normalized AMPAR/NMDAR EPSCs. (P) NMDAR/AMPAR ratio. (Q) Cumulative total charge released during 5 Hz train stimulation and recorded simultaneously from non-infected control cell and shFLRT2 cell. n/a = 18/2; ****p < 0.0001. (R and S) As in (Q) except for shLRRTM1 (R; n/a = 21/6; ****p < 0.0001) and shSlitrk1 (S; n/a = 15/7; ****p < 0.0001) cells. of <5 nm from the AZ ( Figure S6C ). Total vesicle density was also increased in LRRTM1 KD and Slitrk1 KD synapses, with a robust increase in the density 100 nm from the AZ in the case of Slitrk1 KD ( Figure 6L ; Figure S6D ). FLRT2 KD did not affect docked or total vesicle density (Figures 6K and 6L ; Figures S6C and S6D) . Thus, loss of LRRTM1 or Slitrk1 alters the organization of synaptic vesicles at the AZ in opposite directions: LRRTM1 KD decreases-whereas Slitrk1 KD increases-the density of docked vesicles. These morphological observations correlate with the opposing effects of Slitrk1 KD and LRRTM1 KD on synaptic transmission.
Cumulative Effect of Combinatorial LRR Protein Loss
Based on our findings that FLRT2, LRRTM1, and Slitrk1 differentially contribute to SC input structure and function, we predicted that their combinatorial loss would result in a phenotype that is the sum of the individual effects. However, the function of these LRR proteins might, in part, be masked due to redundancy, in which case combinatorial loss could unmask new phenotypes. To determine whether FLRT2, LRRTM1, and Slitrk1 have unique or redundant roles at SC inputs, we performed combinatorial KD experiments.
We first generated an LRRTM1/Slitrk1 double knockdown (DKD) vector ( Figure S7A ). When combined in the DKD vector, the opposing effects of LRRTM1 and Slitrk1 single KD on sEPSC frequency ( Figures 3K and 3N ) would be expected to largely cancel each other out (but not entirely, as the increase in sEPSC frequency following Slitrk1 KD is larger than the decrease following LRRTM1 KD), without affecting evoked AMPAR or NMDAR EPSC amplitude ( Figures 4G and 4K) . Indeed, sEPSC frequency was mildly increased following DKD, whereas spontaneous and evoked EPSC amplitudes were unaffected in DKD neurons compared to neighboring, non-infected cells ( Figures  S7B-S7H ). The DKD phenotype is consistent with a cumulative effect of single LRRTM1 and Slitrk1 KD.
We next generated a FLRT2/LRRTM1/Slitrk1 triple knockdown (TKD) vector ( Figures S3J and S7I ). sEPSC frequency was not changed in TKD-infected neurons compared to control cells ( Figures S7J and S7K) . Given the mild decrease in sEPSC frequency following FLRT2 or LRRTM1 single KD ( Figures 3H  and 3K ) and the strong increase in sEPSC frequency following Slitrk1 KD (Figure 3N ), this result is also consistent with the sum of its parts. sEPSC amplitude was not affected following TKD ( Figure S7L ), similar to single KDs ( Figures 3I, 3L , and 3O). AMPAR and NMDAR EPSC amplitudes were proportionally reduced in TKD cells ( Figures S7M-S7P ) to a level similar to that observed for FLRT2 KD (Figures 4A-4D) . PPR was not affected following TKD ( Figures S7Q and S7R ), similar to single KDs ( Figures S5A-S5F) . Thus, TKD did not reveal additional effects on synaptic transmission at SC inputs that were not apparent in single KDs. Finally, we analyzed dendritic spine density and found that this was reduced in TKD-expressing CA1 neurons ( Figures S7S and S7T ), although to a lesser extent than following FLRT2 KD ( Figure 5) . Together, these results show that combinatorial loss of FLRT2, LRRTM1, and Slitrk1 results in a cumulative phenotype, indicating that LRR proteins non-redundantly contribute to the specification of SC input properties. 
Conserved and Divergent Effects of LRR Proteins at TA Inputs
In a final series of experiments, we asked whether FLRT2, LRRTM1, and Slitrk1 have similar or distinct roles at TA inputs on the distal CA1 apical dendrite. Our analysis of LRR protein distribution along CA1 apical dendrites indicated a similar intensity for FLRT2 in SR and SLM, an abrupt decrease in LRRTM1 intensity from SR to SLM, and an increase in Slitrk1 intensity in SLM compared to SR (Figures 1H and 1I; Figures S2A-S2F ). Based on these results, we predicted that LRRTM1 would not play a role at TA inputs. We sparsely infected CA1 neurons with lentiviral vectors and stimulated TA inputs with an electrode in SLM while simultaneously recording from infected and neighboring, non-infected neurons ( Figure S4H ).
FLRT2 KD proportionally decreased AMPAR and NMDAR EPSC amplitudes following stimulation of TA inputs ( Figures  8A-8D ) and decreased the cumulative total charge of train EPSCs relative to those from control neurons ( Figure 8M ). These results are similar to the effects of FLRT2 KD at SC inputs (Figures 4C and 4Q) , indicating that FLRT2 functions at both inputs to control the number of functional synapses.
Stimulation of TA inputs in LRRTM1 KD neurons did not affect AMPAR or NMDAR EPSC amplitudes ( Figures 8E-8H) , as observed at SC inputs ( Figure 4G ). Unlike SC inputs, however, we observed no change in the cumulative total charge of train EPSCs in LRRTM1 KD neurons ( Figure 8N , compare to Figure 4R) , indicating that loss of LRRTM1 does not affect evoked transmission at TA inputs.
Surprisingly, and in contrast to the effects observed at SC inputs ( Figure 4K ), Slitrk1 KD decreased the amplitude of AMPAR EPSCs without affecting NMDAR EPSCs following stimulation of TA inputs (Figures 8I-8L ). Slitrk1 KD also caused a decrease in the cumulative total charge ( Figure 8O ), again in contrast to the increase observed at SC inputs ( Figure 4S ). The selective decrease in AMPAR EPSC amplitude suggests a reduced density of AMPARs at TA inputs following Slitrk1 KD. To gain insight into the quantal properties of transmission at this synapse upon loss of Slitrk1, we simultaneously recorded aEPSCs in infected and neighboring, non-infected CA1 neurons while stimulating TA inputs in SLM. Slitrk1 KD reduced the amplitude of aEPSCs but did not affect aEPSC frequency at TA inputs ( Figures 8P-8T ), consistent with a decrease in AMPAR density at TA synapses following loss of Slitrk1. Thus, FLRT2 function is conserved at both SC and TA inputs, LRRTM1 selectively functions at SC inputs, and Slitrk1 function diverges at SC and TA inputs.
DISCUSSION
We show that single hippocampal CA1 pyramidal neurons express multiple synaptogenic LRR proteins that display input-specific combinatorial distributions and exert differential effects on synaptic architecture and function. FLRT2 function is conserved at different inputs, whereas Slitrk1 function diverges, indicating contextdependent effects of LRR proteins in specifying synaptic properties.
Input-Specific Distribution of LRR Proteins
Single-cell sequencing has revealed cell-type-specific adhesion molecule repertoires (Fö ldy et al., 2016; Li et al., 2017; Paul et al., 2017; Shekhar et al., 2016) . Whether these adhesion molecules randomly distribute in the neuron expressing them or localize to specific input and output synapses is largely unknown, owing to difficulty in detecting these proteins in tissue sections. FLRT2, LRRTM1, and Slitrk1 display distinct, partially overlapping laminar distributions in the hippocampus. The restricted localization of 
(legend continued on next page)
FLRT2 to the dendrites of CA1 neurons and the broader laminar distributions of LRRTM1 and Slitrk1 result in a complex combinatorial pattern, such that for a small repertoire of only three LRR proteins, few laminae contain the same combination. CA1 SR and stratum oriens, both containing SC axons, are the only layers in which all three LRR proteins are present. Thus, a picture emerges of lamina-specific combinations of LRR proteins. Whether this patterning extends beyond the laminar level down to individual synapses remains a question we could not fully address with currently available antibodies. The molecular basis of the lamina-specific distributions of LRRTM1 and Slitrk1 is unclear but could involve trans-synaptic interactions with presynaptic ligands expressed on distinct axonal populations (Nishimura-Akiyoshi et al., 2007) or presynaptically expressed proteins that modulate trans-synaptic interactions, analogous to Cbln1 secreted from parallel fiber inputs on Purkinje cells bridging a Nrxn-GluD2 interaction (Matsuda et al., 2010) .
Differential Control of Synapse Number, Structure, and Function by LRR Proteins FLRT2, LRRTM1, and Slitrk1 each distinctly contribute to synapse development, and their combined action regulates number, ultrastructural organization, and function of SC inputs. Analysis of synaptic transmission, spine density, and synaptic ultrastructure indicated that FLRT2 controls synapse number. These findings are reminiscent of the role of FLRT3 in determining the strength of glutamatergic transmission and spine density in hippocampal granule cells . LRRTM1 KD caused a small decrease in spine density. A previous study reported a 16% decrease in excitatory synapse density in CA1 SR of Lrrtm1 KO mice using EM analysis (Takashima et al., 2011) . Although this study did not observe altered spine density using Golgi staining, the 13.4% decrease in spine density that we observed using super-resolution imaging in rat CA1 SR is in line with these results. TKD caused a decrease in spine density that is close to the average value for the decrease in spine density following single LRR protein KD. This suggests that there are likely not separate populations of spines that depend on either FLRT2 or LRRTM1, in which case we would have expected an additive effect of TKD on spine number. More likely, multiple LRR proteins act at the same synapse, a notion that is supported by our colocalization analysis of LRR proteins with spines. As Slitrk1 KD increased quantal content and the density of docked vesicles, loss of Slitrk1 might also partially compensate for FLRT2-and LRRTM1-induced spine loss.
Analysis of synaptic transmission, spine density, and synaptic ultrastructure indicated that LRRTM1 and Slitrk1 both organize docked vesicle density at the AZ, but in an opposing manner. The alterations in vesicle density at the AZ were not reflected in EPSC amplitude changes, but in EPSC total charge, which includes both the initial (synchronized) and delayed/sustained (asynchronous) release of vesicles following stimulation. This indicates that the initial response is unaffected at LRRTM1 or Slitrk1 KD synapses and suggests that the changes in vesicle localization mainly affect the delayed component of evoked release. The opposing action of LRRTM1 and Slitrk1 at SC inputs could serve to fine-tune spontaneous and evoked synaptic transmission.
The underlying molecular pathways by which LRR proteins regulate synapse development are poorly understood. FLRT2 binds to LPHN and Unc5 receptors Yamagishi et al., 2011) . Knockdown of LPHN3 in cortical layer 2/3 neurons reduces presynaptic bouton density (O'Sullivan et al., 2014) , indicating that FLRT-LPHN interactions regulate synapse number in different brain regions. The intracellular signaling pathways downstream of FLRTs and LPHNs remain to be elucidated.
The role of LRRTM1 and Slitrk1 in organizing vesicles at the AZ points toward a trans-synaptic mechanism via their respective presynaptic binding partners, Nrxn and PTPs. Previous studies using light and electron microscopy indicated a subtle dispersal of synaptic vesicles in Lrrtm1 KO mouse CA1 SR synapses (Linhoff et al., 2009; Takashima et al., 2011) . LRRTMs may preferentially interact with a-Nrxns over b-Nrxns (Schreiner et al., 2015) , and Nrxn1a KO mice display a decrease in the frequency of spontaneous synaptic transmission in CA1 neurons (Etherton et al., 2009) , similar to the decrease we observed following LRRTM1 KD. Loss of IgSF21, a postsynaptic interactor of Nrxn-2a, decreases the density of docked vesicles at inhibitory synapses (Tanabe et al., 2017) . Ptprs KO mice show an increased mEPSC frequency in CA1 neurons (Horn et al., 2012) , and expression of dominant-negative PTPs in zebrafish olfactory sensory neurons increases synaptic vesicle density and the number of docked vesicles (Chen et al., 2011) , similar to the ultrastructural changes we observe following Slitrk1 KD. These findings suggest that LRRTM1 enhances and Slitrk1 represses vesicle release by trans-synaptically organizing synaptic vesicle distribution at the AZ.
The opposing roles of LRRTM1 and Slitrk1 on synaptic vesicle organization suggest convergence on presynaptic signaling pathways. Nrxn and PTPs both couple to the vesicle release machinery and converge on the AZ organizer liprin-a (Spangler and Hoogenraad, 2007; Takahashi and Craig, 2013) . PTPs binds liprin-a (Serra-Pagè s et al., 1995), Nrxn binds CASK (Hata et al., 1996) , and liprin-a in turn binds CASK (Wei et al., 2011) . Nrxn, CASK, and liprin-a form a complex (LaConte et al., 2016) . Liprin-a/SYD-2 loss reduces vesicle docking at the C. elegans AZ (Kittelmann et al., 2013; Stigloher et al., 2011) , suggesting that modulation of liprin-a function could be a mechanism by which LRRTM1 and Slitrk1 fine-tune synaptic transmission. We tested whether the LRRTM1 and Slitrk1 ectodomains expressed on the surface of HEK293T cells differentially recruit the AZ proteins CASK, RIM, and liprin-a2 in contacting axons of hippocampal neurons (Figures S8A-S8C ). Slitrk1 proved to be more synaptogenic than LRRTM1 for all synaptic markers tested (Figures S8D-S8G) . When normalized to the area of VGluT1 clustering per cell, Slitrk1 recruited more RIM than LRRTM1 did and showed a trend toward recruiting more liprin-a2, whereas CASK was equally recruited by both LRR proteins ( Figures  S8H-S8J) . Thus, LRRTM1 and Slitrk1 may exert differential effects on the recruitment of AZ proteins, which could affect vesicle organization.
Context-Dependent Effects of LRR Proteins at CA1 Inputs
Studies in cultured neurons indicated redundancy between synaptic adhesion molecules of the SynCAM family (Fowler et al., 2017) and between neuroligins (Nlgns) and LRRTMs . These studies assessed the effect of combinatorial loss of postsynaptic adhesion proteins that bind to common presynaptic receptors (SynCAMs in the case of SynCAMs, Biederer et al., 2002 ; Nrxn for Nlgns and LRRTMs, Krueger et al., 2012) , which might result in partial functional convergence. Furthermore, input-specific distributions of adhesion proteins are lost in dissociated cultures, making it difficult to extrapolate results to the in vivo situation. Our results show that synapse-organizing LRR proteins have input-specific distribution patterns and differentially contribute to synapse development. These results are reminiscent of the differential role of synaptic organizers at the neuromuscular junction in motor nerve terminal formation, maturation, and maintenance (Fox et al., 2007) . In cerebellar Purkinje cells, Nlgns contribute both uniquely and redundantly to synaptic function (Zhang et al., 2015) but exclusively affect postsynaptic function, setting them apart from the LRR proteins studied here. LRRTM1/LRRTM2 DKD reduces AMPAR EPSC amplitudes at SC inputs in mouse CA1 neurons . Possibly, LRRTM2, which interacts with AMPARs (Soler- Llavina et al., 2013; de Wit et al., 2009) , is more important for postsynaptic function than LRRTM1.
Our observation that LRR proteins differentially contribute to the specification of SC input properties raised the question of whether these proteins fulfill the same roles at other inputs. This would seem to depend, at least in part, on the molecular composition of those synapses, such as the complement of pre-and postsynaptic binding partners, scaffolding, and downstream effector molecules. We found that FLRT2 performs similar functions at SC and TA inputs but that Slitrk1 function diverges. Slitrk1 KD decreased AMPAR EPSC amplitude at TA inputs, an effect that was not observed at SC inputs. This effect is reminiscent of Slitrk5's role in regulating AMPAR and NMDAR content at corticostriatal synapses (Shmelkov et al., 2010) . It is unlikely that the absence of LRRTM1 at TA inputs unmasked this effect of Slitrk1, as LRRTM1/Slitrk1 DKD at SC inputs did not affect AMPAR EPSCs. Possibly, different pre-or postsynaptic binding partners at TA synapses influence Slitrk1's effects. Nrxns also have diverse functions at different synapses (Chen et al., 2017) , suggesting that the molecular context in which synaptic adhesion proteins operate plays an important role. In conclusion, the large LRR protein repertoire in the mammalian nervous system (Dolan et al., 2007) endows synaptic contacts with an elaborate system of fine-tuning of synaptic properties, with specific combinations of LRR proteins regulating synapse identity. It will be important to determine how LRR protein function and dysfunction affect information processing in other brain regions.
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STAR+METHODS EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All animal procedures were approved by the Institutional Animal Care and Research Advisory Committee of the KU Leuven (ECD P026/2013) and were performed in accordance with the Animal Welfare Committee guidelines of the KU Leuven, Belgium. The health and welfare of the animals was supervised by a designated veterinarian. The KU Leuven animal facilities comply with all appropriate standards (cages, space per animal, temperature, light, humidity, food, water), and all cages are enriched with materials that allow the animals to exert their natural behavior. Wistar rats were obtained from Janvier Labs (France). P0 indicates the day pups were born. Pups were injected at P0 and sacrificed at P13-19. Both males and females were used for all experiments. To the best of our knowledge, we are not aware of an influence of sex on the parameters analyzed in this study.
Tissue from the following mouse lines was used in this study:
FLRT2, LRRTM1 or Slitrk1. gBlock fragments were ligated into shRNA-containing pFUGW vectors digested at the BsrGI site using the Gibson Assembly Cloning Kit, allowing for insertion at the end of the GFP insert. This allowed for the generation of pFUGW vectors driving expression of each respective shRNA, GFP and an shRNA-resistant version of each respective protein.
Non-targeting shRNA control vector was generated by inserting the respective fragment (TTCTCCGAACGTGTCACGT) (Wang et al., 2012) , generated by PCR, into the PacI site of the pFUGW vector using the Gibson Assembly Cloning Kit.
Constructs for co-culture assay experiments were generated by subcloning the extracellular domains of LRRTM1 or Slitrk1 into the pDisplay vector at the BglII site using the Gibson Assembly Cloning Kit.
Histology/Immunocytochemistry
Single Molecule Fluorescent In Situ Hybridization 16 mm-thick cryosections from fresh frozen, WT P35 rat brains were used. RNAscope hybridization was performed with the RNAScope 2.5 HD Detection Kit (Advanced Cell Diagnostics). Heating steps were performed using the HybEZTM oven (Advanced Cell Diagnostics). Tissue sections were treated with pretreatment solutions and then incubated with custom-synthesized RNAscope probes (Flrt2, NM_001106750, Cat# 472911; Lrrtm1, NM_001109374, Cat# 472921-C3; Slitrk1, NM_001107283, Cat# 472931-C2), each targeting all predicted transcript variants, followed by amplifying hybridization processes. DAPI was used as a nuclear stain. Prolong Gold Antifade (ThermoScientific) was used to mount slides. Confocal images were taken on a Leica TCS SP8 microscope. Quantifications of smFISH were done using a custom-made protocol in NIS-Elements software (Nikon) which allowed for automatic and unbiased detection of the CA1 cell body layer, identification of nuclei and the creation of a perimeter around each nucleus, and detection of individual RNA puncta inside each designated CA1 cell. Immunohistochemistry Immunofluorescent staining for synaptic proteins in hippocampal sections was performed in 16 mm-thick cryosections from rat brains perfused with 2% paraformaldehyde (PFA) solution. Sections were post-fixed in a 1:1 MeOH:acetone solution at À20 C, and then permeabilized with 0.5% triton in PBS-0.2% gelatin. Blocking solution consisted of 10% normal horse serum and 0.5% triton in PBS-0.2% gelatin. Primary antibodies were the following: sheep anti-LRRTM1 (R&D Systems), goat anti-FLRT2 (R&D Systems), goat anti-Slitrk1 (R&D Systems), chicken anti-GFP (Aves), mouse anti-PSD-95 (ThermoScientific), mouse anti-Gephyrin (Synaptic Systems), guinea pig anti-Bassoon (Synaptic Systems). Primary and secondary antibodies were diluted in 5% normal horse serum and 0.5% triton in PBS-0.2% gelatin. Hoechst was used as a nuclear stain (5nM in PBS). Prolong Gold Antifade (ThermoScientific) was used to mount slides. Confocal images were taken on a Leica TCS SP5 microscope or on a Zeiss LSM880 confocal with an Airyscan detector. Tile scans were taken on an Axio Scan.Z1 slide scanner (Zeiss). Intensity measurements ( Figure 1I ; Figures S2A-S2F) were performed in Fiji by measuring a plot profile of the selected CA1 region (same ROI template used for all images), averaging the intensity values across the same distance point for all images, normalizing by using the minimum and maximum values, and then binning the data every 5% of depth from CA1 SP. Dendritic Spine Labeling At P14, virus-injected rats were transcardially perfused with 4% PFA adjusted to 300 mOsm with sucrose and pH 7.4. Brains were then removed and post-fixed overnight in the same solution. Brains were then embedded in 3% agarose in PBS and 80 mm-thick coronal sections were cut on a vibratome. Sections that contained GFP-positive CA1 pyramidal cells were then immunostained with a chicken polyclonal anti-GFP antibody (Aves) and an Alexa 488-conjugated donkey anti-chicken secondary antibody (Invitrogen). Correlative-Light Electron Microscopy Performed as described previously (Bishop et al., 2011; Urwyler et al., 2015) . At P14, virus-injected rats were transcardially perfused with 4% PFA and 0.5% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were postfixed overnight at 4 C. The following day, 80 mm-thick vibratome sections were made. Selected GFP-positive CA1 cells were imaged in full at 63x on a Zeiss ELYRA structured illumination microscope. Near-infrared branding (NIRB) marks were introduced around the cell of interest (Bishop et al., 2011) using a Zeiss LSM 780 equipped with an SP Mai Tai HP DS. Sections were then postfixed in 4% PFA, 2.5% glutaraldehyde and 0.2% picric acid in 0.1 M PB, pH 7.4, at 4 C. Sections were washed three times in 0.1 M PB and then cropped to 1 mm 2 around the neuron of interest. Samples were stained with 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1 hr followed by 0.2% tannic acid, 0.5% osmium tetroxide, 1% thiocarbohydrazide and 0.5% osmium tetroxide for 30 min at RT. Samples were then incubated in 0.5% uranyl acetate in 20% methanol overnight at 4 C. Samples were stained en bloc with lead aspartate for 30 min at 60 C. After washing with ddH 2 O, samples were dehydrated in EtOH solutions of increasing concentrations (30%, 50%, 70%, 90%, 100%) at 4 C, twice each, for 5 min. Samples were then treated twice for 10 min each with propylene oxide at RT. Samples were then infiltrated with epon 812/propylene oxide mixtures. The next day, sections were flat embedded in epon 812 between 2 microscopic slides and polymerized for 2 days at 60 C. Flat-embedded sections were mounted on aluminum pin stubs (Gatan) with conductive epoxy (Circuit Works). A Zeiss Sigma Variable pressure SBF-SEM with 3View technology (Gatan) was used to approach the neuron of interest. Imaging was done at 1.3kV with a pixel size of 20 nm and sections of 300 nm. Neuron of interest could be located based on surrounding blood vessels and by the branding marks. When a secondary dendrite of interest was reached, 90nm-thick, serial ultrathin sections were cut using a Reichardt Ultracut E ultramicrotome. All sections were collected as ribbons of 4-5 sections on triple slot grids (Ted Pella). Images were taken on a JEOL TEM1400 operated at 80 kV. TEM was equipped with an Olympus SIS Quemesa 11 Mpxl camera. Synapses were imaged at high magnification (20kx).
Vesicle pools were designated as done previously (Imig et al., 2014) -specifically, we designated docked vesicles as those <2 nm (from vesicle outer leaflet to the active zone outer leaflet) from the AZ in a single image, and docked and membrane-attached as those <5 nm from the AZ. Images lacking an AZ were therefore excluded from this analysis. We calculated vesicle density by normalizing vesicle number to the AZ length for each individual image, and then averaging across all normalized values from all images to get the average vesicle density for a given condition. Statistics: one-way ANOVA, multiple comparisons test.
Lentivirus Production
Second generation VSV.G pseudotyped lentiviruses were produced as described (Dittgen et al., 2004; Kutner et al., 2009 ). HEK293T cells were transfected with control or shRNA-containing pFUGW (GFP-expressing) vector plasmids and helper plasmids PAX2 and VSVG using polyethylenimine (Polysciences). Supernatant was collected 65 hr after transfection, spun at 2000 rpm to remove debris and filtered through a 0.45 mm filter (Corning). In order to maximize the purity of viral particle pellets, a small amount of sucrose solution (20% sucrose, 100 mM NaCl, 20 mM HEPES, 1 mM EDTA, at pH 7.4, filtered with a 0.22 mm filter) was placed at the bottom of the centrifuge tubes before adding filtered media. Viral particles were then pelleted by centrifugation at 25000 rpm for 2 hr. Final pellet was re-suspended in 200 ml of PBS and stored at À80 C in 10 ml aliquots.
Neonatal Stereotaxic Virus Injection P0 Wistar rat pups were anesthetized by hypothermia and then stabilized on a glass Petri dish filled with ice to sustain anesthesia during injection. After disinfection of the injection area with 70% EtOH, 18.4 nL (4.6 nL injected over 4 pulses) of high titer lentivirus (around 10 10 transducing units/ml; diluted 1:10 in 1x PBS) was injected directly through the skin and skull using a Nanoject II AutoNanoliter Injector (Drummond). Bilateral injections in CA1 hippocampus were made using a depth of 2.3 mm, with 3 injections per brain hemisphere.
Electrophysiology
Acute parasagittal slices from P13-P19 virus-injected rats were cut on a Leica VT1200 vibratome. Rats were deeply anesthetized with isofluorane and rapidly decapitated. 300 mm-thick slices were cut in a sucrose-based cutting solution (ACSF) that consisted of (in mM): 83 NaCl, 2.5 KCl, 1 NaH2PO4, 22 glucose, 26 NaHCO3, 3.3 MgSO4, 0.5 CaCl2 and 72 sucrose. Slices were allowed to recover at 34 C for 45 min, and then maintained at room temperature in the same solution for at least 30 min before using. During recordings, slices were perfused at 1-2 mL/min with ACSF consisting of (in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 11 glucose, 26 NaHCO3, 4 MgCl2, 4 CaCl2 and 0.1 picrotoxin (to block inhibitory currents) bubbled continuously with 95% O2 and 5% CO2. CA1 pyramidal cells were visualized by infrared differential interference and GFP epifluorescence microscopy (Zeiss Axio Examiner.A1). Whole-cell voltage clamp recordings were made simultaneously from infected and nearby (<50 mm) non-infected CA1 cells (ZEN). Electrode resistances ranged from 3 to 5 MU. Pipettes were pulled on a horizontal micropipette puller (Sutter P-1000) and filled with a Cs-methanesulfonate-based internal solution consisting of (in mM): 115 CsMSF, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 ATP disodium salt, 0.4 GTP sodium salt, 10 creatine phosphate and 0.6 EGTA, adjusted to pH 7.5 and 295 mOsm. For spontaneous recordings, membrane potential was clamped at À70mV, and Rs compensation was set at 70% (pCLAMP 10). For evoked recordings (performed without Rs compensation), synaptic responses were stimulated with a 2-contact cluster microelectrode (FHC) placed in SR of CA1. For all paired recordings, the number of experiments (n) reported in the figure legends refers to the number of pairs, while (a) refers to the number of animals used in the experiment. AMPAR-mediated EPSCs were recorded at a holding potential of À60 mV and amplitude was taken at the peak of the current over each of 40 sweeps; compound AMPAR-and NMDAR-mediated EPSCs were recorded at +40 mV and the amplitude 100 ms after the stimulus was taken as the amplitude of the NMDAR-mediated EPSC. NMDA/AMPA ratios were calculated from these values. Stimulus intensity was adjusted such that the AMPAR EPSC recorded in the non-infected cell was around 100 pA in peak amplitude and EPSC amplitudes were stable over time. To measure paired-pulse ratios (PPRs), pairs of stimuli were delivered at the following frequencies: 1 Hz, 2 Hz, 5 Hz, 20 Hz, 50 Hz and 100 Hz. Peak amplitudes were measured, and PPRs were calculated as EPSC2/EPSC1. Averages of 4 consecutive sweeps for each frequency were analyzed for each paired recording. For train stimulations, 200 stimuli were delivered at the following frequencies: 5 Hz, 10 Hz and 20 Hz. Peak amplitudes and areas under each curve (charge) for each stimulus were measured.
Asynchronous EPSCs (aEPSCs) were recorded in ACSF where Ca 2+ was replaced with Sr
2+
. Sr 2+ is able to enter the presynaptic terminal and trigger neurotransmitter release (Bekkers and Clements, 1999; Oliet et al., 1996) , but inefficient triggering and longer retention time of Sr 2+ in the nerve terminal results in delayed, isolated quantal events that can be measured after evoking an EPSC by stimulating SC afferents. aEPSC ACSF consisted of (in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 11 glucose, 26 NaHCO3, 4 MgCl2, 8 SrCl2 and 0.1 picrotoxin (to block inhibitory currents) bubbled continuously with 95% O2 and 5% CO2. Asynchronous release was elicited by stimulating SC afferents with a paired stimulation at 20 Hz, for 15 consecutive sweeps. Using 8 mM SrCl2 resulted in small synchronous responses followed by a period of increased quantal release (aEPSCs) from the SC inputs (Bekkers and Clements, 1999) . aEPSCs were recorded and analyzed for 5 s after the second EPSC. Both sEPSCs and aEPSCs were analyzed using the Mini Analysis program (Synaptosoft). Currents were sampled at 20 kHz and stored after 3 kHz low-pass Bessel filtering. Before analysis the data were low-pass filtered at 1 kHz, (Molecular Devices DigiData 1440A and Multiclamp 700B). Input resistance (Rin), pipette series resistance (Rs) and membrane holding current were monitored throughout all recordings to ensure stability and quality. All recordings were done at 34 C.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are represented as means ± SEM. Data analysis was carried out in GraphPad Prism (GraphPad Software), Clampfit (Molecular Devices, LLC), MiniAnalysis (Synaptosoft), ImageJ (NIH) and Excel (Microsoft). ANOVA tests (one-way, multiple comparisons) were used when testing differences between two or more groups. When comparing two related, paired samples, non-parametric paired t tests were used (Wilcoxon). Non-parametric unpaired t tests (Mann-Whitney) were used when comparing two related, unpaired samples. The designation 'n/a' or 'n/b' in Figure legends designates the number of sections imaged (n), or paired recordings performed (n), and the total number of animals/brains analyzed (a/b), for any given experiment.
